I N T R O D U C T I O N
The success of modern immunosuppression in improving short and intermediate patient and graft outcomes after transplantation has not extended to long-term outcomes [1, 2] . The most common cause of kidney transplant loss is death with a functioning graft due to cardiovascular diseases; one of the major risk factors for this is new-onset diabetes after transplantation (NODAT) [3, 4] .
The problem of 'post-transplantation diabetes' has been long recognized even before the formal definition of NODAT in 2003-04 [5] [6] [7] . Diabetes in kidney transplant recipients (KTRs) is characterized by an accelerated course and has been associated with worse outcomes including infectious and cardiovascular complications, graft loss, increased medical cost and death [8] [9] [10] [11] [12] [13] . Therefore, reduction of risk and early treatment of NODAT are crucial for the prevention of its complications and adverse patient and graft outcomes. Thus, to these ends, there has been an increase in clinicians' efforts to intervene through education, lifestyle modification programs and pharmacotherapy [14] . Recognition of non-modifiable risk factors for NODAT (older age, race, genetic background, family history, metabolic syndrome and pretransplant-impaired glucose tolerance) will ease early initiation of preventive measures in patients identified to be at risk [15] . Furthermore, clinical management measures may be incorporated into the posttransplant care of patients with modifiable risk factors for NODAT including overweight or obesity, past or present hepatitis C (HCV) and cytomegalovirus (CMV) infections and diabetogenic immunosuppressant medications [15] .
The most transplant-specific modifiable risk factor for NODAT is the immunosuppression drug regimen administered to prevent allograft rejection [14, 16, 17] . Thus, it is not surprising that in KTR, the highest incidence of NODAT occurs in the first 6 to 12 posttransplant months coinciding with the patients' exposure to the highest doses of immunosuppressants [5, 13, 18, 19] . The calcineurin inhibitors (CNIs), with tacrolimus being significantly more diabetogenic than cyclosporine [9, 20, 21] , and the mammalian target of rapamycin inhibitors are hypothesized to cause or exacerbate NODAT though cellular mechanisms causing defect of insulin secretion and/or insulin resistance [5, 22] .
The corticosteroids have been implicated in diabetogenesis through insulin resistance, increased glucagon release, increased hepatic gluconeogenesis and dose-related islet cell apoptosis [23] [24] [25] [26] . However, despite the strong association of corticosteroids with NODAT in observational studies [27, 28] , clinical trials have reported conflicting results on the role of steroids in the development of NODAT [18, [29] [30] [31] [32] , which could be partly explained by variations in drug doses and their interaction with other risk factors [33] . Induction antibody agents had also been associated with the risk of NODAT. Small single-center studies have shown an association between NODAT and the antiinterleukin-2, CD25 receptor antibody induction antibody agent, basiliximab [34] [35] [36] ; mean while, T-celldepleting induction antibodies have been indirectly associated with reduction of risk for NODAT [16, 37] .
Two viral infections have been linked to NODAT. HCV has been associated with a 30-40% higher risk of NODAT [9, 21, 38] , and Hjelmesaeth et al. [8] hypothesized that asymptomatic or treatment-requiring CMV infection increases the risk of NODAT. On the other hand, although hepatitis B and Epstein Barr viruses (EBV) were linked to diabetes in the nontransplant setting, we are not aware of studies directly associating them with NODAT [39] [40] [41] .
Consensus guidelines have emphasized the importance of vigilance in patient monitoring for hyperglycemia and weight gain in NODAT prevention [7] . 'Tailoring of immunosuppression regimen based on pretransplant cardiovascular and diabetes risk factors' has been highlighted in NODAT management consensus guidelines [7] ; however, due to lack of supporting literature, the inclusion of viral serology among the factors considered in the individualized immunosuppression regimen choice to reduce the risk of NODAT has not been previously proposed [42] .
This article aimed to analyze the association between viral serology status, anti-rejection immunosuppression regimen and the risk of NODAT in KTRs using data from the Scientific Registry of Transplant Recipients (SRTR). Results of this study demonstrate the distinct risk of NODAT associated with specific immunosuppression regimen and viral serology combinations. These findings may provide the basis for including the viral serology status in tailoring immunosuppression regimens for KTRs at risk for NODAT.
M A T E R I A L S A N D M E T H O D S
This article used data from the SRTR and was approved by the University of Rhode Island Institutional Review Board (IRB# 955723-3). The SRTR system includes data on all donor, waitlisted candidates and transplant recipients in the USA, submitted by the members of the Organ Procurement and Transplantation Network (OPTN), and has been described elsewhere. The Health Resources and Services Administration provides oversight to the activities of the OPTN and SRTR contractors.
We used a retrospective cohort design to study KTR risk of NODAT associated with the common kidney transplant immunosuppression regimens and pretransplant viral serology status typically recorded by SRTR. The transplant period studied was from 3 January 1995 through 15 September 2015 with last KTR follow-up on 1 September 2016. The outcome of interest was NODAT, with the analysis centered on the adjusted risk of NODAT associated with immunosuppression regimens, viral serology statuses and their relevant interactions. In this study, NODAT was identified when KTRs did not have a diagnosis or history of diabetes mellitus (DM) at transplant and diagnosis of DM was recorded at follow-up within the first posttransplant year. The SRTR's designation of þ (positive) or -(negative), was followed in the assignment of the KTR antibody serology status (also termed 'serology status', 'viral serology', 'serology') to the following: hepatitis B core (HBc), HCV, CMV and EBV. Excluded from this study were KTRs with: human immunodeficiency virus-positive serology, combined solid-organ transplants, missing or unknown baseline viral serology or discharge immunosuppression regimen, no induction immunosuppression and non-study discharge immunosuppression regimen.
Based on an intention-to-treat design, KTRs were categorized into cohorts based on their discharge immunosuppression regimen:
To study their independent associations with NODAT, corticosteroids and induction antibody drugs were separately analyzed in the Cox hazards models. Follow-up for outcomes was started on the day after transplant and continued until the earliest of the following: (i) end of the first posttransplant year, (ii) re-transplantation, (iii) death, (iv) graft failure of any cause, (v) end of SRTR follow-up or (vi) diagnosis of NODAT.
Data analysis
We presented summary baseline cohort characteristics as means with standard deviations for continuous variables and percentages for categorical variables; as applicable,
To investigate the etiologic relationships between risk factors and the main outcome of interest, NODAT, cause-specific Cox hazards models were used where overall graft loss defined as graft failure of any cause, re-transplantation or death was treated as a competing event [43, 44] . The following clinically relevant covariates were used in the main Cox hazards model for the risk of NODAT: immunosuppression regimen (CSA þ MPA, SRL þ MPA, CSA þ SRL or Tac þ SRL versus Tac þ MPA); viral serology status (positive or negative HBc, HCV, CMV or EBV serology); induction antibody agent; steroids; donor type; era of transplant; and recipient age, race or body mass index (BMI). Clinically relevant covariates for the NODAT-free overall graft loss Cox hazards model included all the variables in Table 1 [6, 7] and of the overall samples' median year of transplant, 2004. Comparisons in the risks for NODAT between immunosuppression regimens were made by estimation of differences in their correlated adjusted log-hazard ratios (HRs) and 95% confidence intervals (CIs) relative to the reference, Tac þ MPA [45] . Separate Cox multivariable hazards models 
analyzed the risk for NODAT associated with the interaction between immunosuppression regimens (CSA þ MPA, SRL þ MPA, CSA þ SRL or Tac þ SRL versus Tac þ MPA) and viral serologies determined significant in the main Cox model. Visual inspection of the complementary log-log survival plots for the primary explanatory variables and examination of the Schoenfeld residual plots confirmed that the Cox models had satisfied the proportionality of hazards assumption. Cox regression analyses results were reported as HR with 95% CI. All analyses were performed using SAS software, version 9.2 (SAS Institute, Inc., Cary, NC, USA). Statistical significance was based on a P 0.05 and all CIs used a 95% threshold.
R E S U L T S

Study population and demographics
We studied 97 644 adult kidney transplants from 3 January 1995 through 15 September 2015 with the last patient followed on 1 September 2016. Of these, 7907 (8.1%) KTRs were on CSA þ MPA, 1279 (1.3%) on SRL þ MPA, 84 986 (87%) on Tac þ MPA, 1666 (1.7%) on SRL þ CSA and 1806 (1.8%) on SRL þ Tac. The baseline recipient, donor and clinical characteristics of the study cohorts are shown in Table 1 . CMV antibody seropositivity rate was lowest in the SRL þ CSA (54.5%) compared with the other four cohorts (range 60.6-62.9%). At discharge, 92% or higher of KTRs were on corticosteroids ( Table 1 
Risk for NODAT: significant serology and immunosuppression regimen interactions
Cox regression analyses were performed to test the significance of interactions between immunosuppression regimens and significant viral serologies (HCV and CMV) from the main Cox model. In KTRs with HCV or CMV þ or À serology, CSA þ MPA was associated with a lower and SRL þ MPA or SRL þ MPA was associated with a similar risk of NODAT as the reference, Tac þ MPA (Figure 3) . The relative risk (RR) reduction for NODAT was highest with CSA þ MPA in HCVþ KTR (53%; HR 0.47, 95% CI 0.28-0.78). Compared with the reference, the risk of NODAT associated with SRL þ Tac was higher in HCVÀ KTR or CMVþ KTR and similar in HCVþ or CMVÀ KTR (Figure 3) .
Risks factors for NODAT-free overall graft loss
The risk of NODAT-free overall graft loss in the first year after transplant was higher with study regimens (CSA þ MPA, SRL þ MPA, SRL þ CSA and SRLþ Tac) than with the reference regimen (Tac þ MPA) (Figure 4 ). Maintenance corticosteroids was associated with a higher risk of NODAT-free overall graft loss and the risk of NODAT-free overall graft loss did not differ among induction agents. HCVþ serology was a risk factor for and EBVþ serology seemed to be a protective factor against NODAT-free overall graft loss (Figure 4 ).
D I S C U S S I O N
In this study, we analyzed the associations of viral serologies and immunosuppression regimens in NODAT development in the first posttransplant year in 97 644 KTRs. We confirmed that HCVþ or CMVþ, but not HBcþ or EBVþ 
negative HCV or CMV serology; CSA þ MPA was protective, and none of the SRL regimens was protective against NODAT (relative to the reference regimen). In HCVÀ or CMVþ transplant recipients, SRL þ Tac was associated with a higher risk for NODAT than Tac þ MPA or CSA þ MPA (Figure 3 ).
BMI and non-modifiable risk factors for NODAT
The most modifiable risk factors for NODAT are obesity and anti-rejection immunosuppressant [46] . In this study, the combined pretransplant overweight and obesity rates across cohorts ranged from 63 to 67%, while obesity alone rates across cohorts ranged between 20% and 31%. These data are consistent with previously reported rates in US transplant recipients [4, 47] . In a recent single-center study, pretransplant BMI was found to positively correlate with the risk of NODAT in the first year of transplant [48] . Our analysis showed that overweight and obese pretransplant BMIs were associated with a 54% and 117% higher risk of NODAT, respectively, than BMI <25 kg/m 2 ( Figure 1 ). Therefore, our findings and other earlier studies would support established recommendations of NODAT prevention through lifestyle modification to achieve normal BMI in overweight or obese transplant candidates or recipients [4, 6] .
Immunosuppression regimen and NODAT
In our analysis, the immunosuppression regimens associated with the highest and lowest risks of NODAT were SRL þ Tac Figure 1 ). Although as a class, the CNIs have been known to contribute to NODAT via islet cell toxicity and inhibition of insulin secretion or expression, the pro-diabetic effects of CNIs have differed between CSA and Tac [4] . In our analysis, CSA combined with MPA or SRL was associated with a 28% and 35% lower risk of NODAT than Tac, respectively (Figures 1 and 2, respectively) . A 53% higher risk of NODAT associated with Tac versus a non-Tac regimen was previously reported by Kasiske et al. in their landmark study in 2003 [9] . In a randomized clinical trial, Vincenti et al. showed that CSA was associated with a lower incidence of NODAT than tacrolimus at Month 6 posttransplant [18] . The lower diabetogenicity of CSA than Tac has been further supported by literature showing that switching from Tac to CSA in KTRs resulted in resolution of NODAT [49] .
In a study of 20 124 KTRs, Johnston et al. [50] showed that SRL regimens increased the risk of NODAT compared with CSA þ MPA/azathioprine regimens. Aside from confirming the above findings in a larger and more contemporary KTR population, our study further highlighted the comparative diabetogenicity of SRL regimens: SRL þ Tac was the most diabetogenic, followed by SRL þ MPA, and SRL þ CSA was the least diabetogenic (Figures 1 and 2) . In clinical practice, these findings may be incorporated with other data in tailoring immunosuppression to lower diabetogenic risk.
Viral serology and NODAT
A prospective study showed an association of subclinical or treated CMV infection with an increased risk of posttransplant diabetes; the proposed mechanisms for the diabetogenicity of CMV included decreased insulin secretion and increased insulin resistance due cytokine-mediated damage and apoptosis of pancreatic beta cells [8] . In this study, we found a 12% higher risk of NODAT associated with a CMVþ serology at kidney transplant (Figure 1 ). Since existing literature speaks mainly of the association between active CMV infection and NODAT [8] , our finding associating CMVþ serology with an increased risk of NODAT in KTRs is novel. Further studies would be needed to confirm the underlying mechanism of this finding. Furthermore, we showed that CSA þ MPA was associated with 27% and 32% lower risks of NODAT than Tac þ MPA, in CMVþ or CMVÀ KTR, respectively; mean while, SRL þ Tac was associated with 44% and 36% higher risks of NODAT than Tac þ MPA in CMVþ or CMVÀ KTR, respectively (Figure 3) . We hypothesize that if studied in a controlled clinical trial, an anti-CMV prophylactic or pre-emptive protocol combined with the use of CSA þ MPA for immunosuppression in low-rejection risk KTR would have a salutary effect in reducing the incidence of NODAT.
Consistent with other reports, our study showed that HCV infection was a risk factor for NODAT [9, 21, 38] (Figure 1) . Furthermore, our study showed that CSA þ MPA was associated with 53% and 26% lower risks of NODAT than Tac þ MPA in HCVþ and HCV-KTR, respectively ( Figure 3 ). Our findings differed from a retrospective study that reported a higher incidence of NODAT in KTRs on Tac versus CSA exclusively in HCVþ, not in HCV, KTR [42] . Novel findings from our study are: both Tac þ MPA and SRL þ Tac were associated with a higher risk of NODAT than CSA þ MPA in HCV-KTR, and only Tac þ MPA was associated with a higher risk of NODAT than CSA þ MPA in HCVþ KTR (Figure 3) . Based on the wide CI in the Cox analysis (Figure 3) , the HR for NODAT associated with Tac þ SRL in HCVþ KTR may be due to lack of statistical power in the subgroup rather than a clinical cause.
Our multivariate Cox regression analysis revealed that corticosteroid as a component of maintenance immunosuppression at discharge was not an independent risk factor for NODAT (HR 1.07, 95% CI 0.92-1.25). This finding is consistent with the results of multiple clinical trials [18, 21, 29, 30, 32] . Our analysis also showed that induction with anti-IL-2, CD25 receptor antibody was associated with a higher risk for NODAT compared with anti-thymocyte globulin, alemtuzumab and other induction agents (Figure 1 , data below the graph). Previous studies that showed an association of anti-IL-2, CD25 receptor antibody induction with NODAT were from single centers and included smaller sample sizes (n ¼ 74-134) [34] [35] [36] . To our knowledge, our study has been the largest that compared the risk of NODAT associated with induction using anti-IL-2, CD25 receptor antibody versus T-cell-depleting antibody agents.
Limitations of our study included the lack of standardized diagnostic criteria for NODAT used by transplant centers, absence of data on the doses and/or drug levels for corticosteroids and other immunosuppressant drugs, and lack of information on other NODAT risk factors [33] .
In conclusion, our study showed that pretransplant HCV or CMV serology and specific immunosuppression regimens are associated with NODAT. Choosing maintenance immunosuppression regimen based on HCV or CMV serology may modify the risk of NODAT in the first year after kidney transplant. Further studies on the impact of interactions between other risk factors and immunosuppression regimens on the risk of NODAT would help reduce this complication through an individualized risk-based selection of rejection prophylaxis regimen in KTRs.
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